Excess soluble salts in soil are harmful to the growth and development of most plants. Evidence is emerging that the plant cell wall is involved in sensing and responding to salt stress, but the underlying mechanisms are not well understood. We reveal that the histone acetyltransferase General control non-repressed protein 5 (GCN5) is required for the maintenance of cell wall integrity and salt stress tolerance. The levels of GCN5 mRNA are increased in response to salt stress. The gcn5 mutants exhibited severe growth inhibition and defects in cell wall integrity under salt stress conditions. Combining RNA sequencing and chromatin immunoprecipitation assays, we identified the chitinase-like gene CTL1, polygalacturonase involved in expansion-3 (PGX3) and MYB domain protein-54 (MYB54) as direct targets of GCN5. Acetylation of H3K9 and H3K14 mediated by GCN5 is associated with activation of CTL1, PGX3 and MYB54 under salt stress. Moreover, constitutive expression of CTL1 in the gcn5 mutant restores salt tolerance and cell wall integrity. In addition, the expression of the wheat TaGCN5 gene in Arabidopsis gcn5 mutant plants complemented the salt tolerance and cell wall integrity phenotypes, suggesting that GCN5-mediated salt tolerance is conserved between Arabidopsis and wheat. Taken together, our data indicate that GCN5 plays a key role in the preservation of salt tolerance via versatile regulation in plants.
INTRODUCTION
Salinity is one of the adverse environmental factors that significantly inhibits plant growth and decreases crop productivity worldwide (Munns and Tester, 2008) . High concentrations of salt ions impose ionic toxicity, osmotic stress and oxidative stress on plant cells (Zhu, 2016; Yang and Guo, 2018) . As sessile organisms, plants have evolved highly complex signaling pathways that enable them to respond to and modify their growth in salt stress environments. Elucidating the mechanisms by which plants respond to salt stress will provide valuable information for developing methods to maintain and improve crop productivity. Many determinants of plant salt tolerance and their regulatory mechanisms have been identified in recent years using molecular genetics and genomics strategies Jiang et al., 2016) . One example is the salt overly sensitive (SOS) pathway (Halfter et al., 2000; Shi et al., 2000; Qiu et al., 2002; Lin et al., 2009; Monihan et al., 2016) . Studies of the SOS pathway provide relatively clear information about Na + efflux and regulation of ion homeostasis. In addition, osmotic adjustment and salt compartmentalization are also important for plant salt tolerance (Apse et al., 2003; Kim et al., 2007; Bassil et al., 2011) . However, many determinants have not been studied in sufficient detail, and other salt tolerance determinants and regulatory mechanisms still need to be elucidated. Plant cells are surrounded by a cellulose-containing cell wall that is essential for plant morphogenesis and responses to certain external stimuli (Vorwerk et al., 2004; Hamann, 2015; Le Gall et al., 2015; Kesten et al., 2017) . Recently, several studies have indicated that the plant cell wall is also involved in the sensing of and response to salt stress. It has been shown that maintenance of active cell wall integrity is critical for both stress protection and stress response (Endler et al., 2015) . The plasma membranelocated leucine-rich repeat receptor kinases FEI1, FEI2 and MIK2 are key regulators in the sensing of cell wall integrity and the salt stress response (Xu et al., 2008; Van der Does et al., 2017) . Loss of function of FEI1, FEI2 and MIK2 results in hypersensitivity to inhibition of cellulose biosynthesis and salt stress. In addition, regulation of cell wall-related processes is also involved in the response to salt stress (Moura et al., 2010) . A xyloglucan galactosyltransferase RSA3/MUR3, which is involved in cell wall biosynthesis and maintenance of endomembrane organization, minimizes cellular damage by limiting the concentration of reactive oxygen species (ROS) in the cell and regulates stress-related gene expression under salt stress (Li et al., 2013) . The chitinase-like (CTL) protein CTL1 and its homolog CTL2, affect cellulose biosynthesis and play a key role in establishing interactions between cellulose microfibrils and hemicelluloses (Mouille et al., 2003; S anchezRodr ıguez et al., 2012) . Interestingly, CTL1 has also been shown to be involved in tolerance of salt stress (Kwon et al., 2007) . However, the upstream regulators of salt stress-related cell wall composition and integrity genes remain elusive.
With the discovery of the regulatory role of epigenetic mechanisms and their correlation with gene transcriptional states, studies have demonstrated that histone modifications such as histone acetylation play important roles in salt stress. Histone acetylation is dynamic and reversible and maintained by the antagonistic action of histone acetyltransferases (HATs) and histone deacetylases (HDAC). Different HDACs play important roles in the response to salt stress in plants. The expression of Arabidopsis AtHD2A, AtHD2B, AtHD2C and AtHD2D was repressed by salt stress (Chinnusamy et al., 2008; Luo et al., 2012) . Overexpression of AtHD2C conferred a resistance to salt stress compared with the wild type (Sridha and Wu, 2006) . The HDA6 mutant axe1-5 and RNAi plants also displayed a hypersensitive phenotype to ABA and salt stresses during seed germination . In addition, T-DNA insertion mutants of HDA19 displayed hypersensitivity to ABA and salt . Recently, it has been shown that the HDAC HDA9 negatively regulates salt stress response by regulating the histone acetylation levels of stress-responsive genes in Arabidopsis (Zheng et al., 2016) . Studies indicated that HATs are also required for changes in gene expression in response to environmental challenges (Kim et al., 2009; Hu et al., 2015; Xing et al., 2015) . For example, the Arabidopsis HAT general control non-repressed protein (GCN5) is required for the adaptation of plants to ABA-mediated stress, as gcn5 mutants exhibit a high sensitivity to ABA (Bertrand et al., 2003; Vlachonasios et al., 2003; Hark et al., 2009) . Recent studies have indicated that GCN5 is essential for the activation heat stress responsive genes and contributes to iron homeostasis in Arabidopsis (Hu et al., 2015; Xing et al., 2015) . However, very little is still known about whether HATs are involved in the salt stress response and the extent to which those HATs are implicated in regulation of salt tolerance. Expression of the HAT genes ZmHATB and ZmGCN5 was augmented after NaCl treatment and histone acetylation is associated with upregulation of the cell wall loosening genes involved in salt stress in maize . Nevertheless, the role of GCN5 in the response to salt stress needs to be elucidated.
In this study, we find that GCN5 is transcriptionally upregulated under salt stress in Arabidopsis. Mutation of GCN5 results in a phenotype defective in salt tolerance compared with the wild type, and GCN5 is involved in expression of genes related to cell wall composition and integrity under salt stress. Notably, we found that the GCN5 protein is recruited at the CTL1, polygalacturonase involved in expansion-3 (PGX3) and MYB domain protein-54 (MYB54) promoters. Moreover, GCN5 facilitates the acetylation of H3K9 and H3K14, which are associated with the expression of these genes. The constitutive expression of CTL1 in the gcn5 mutant partially restores salt tolerance. These results provide information about the molecular mechanism of how the cell wall-related genes are modulated through histone acetylation in response to salt stress. In addition, overexpression of the wheat TaGCN5 gene recaptures salt tolerance in Arabidopsis gcn5 mutant plants, suggesting that GCN5-mediated salt tolerance may be conserved between monocot and dicot plants.
RESULTS
The Arabidopsis gcn5 mutant presents severe growth defects under salt stress In order to examine whether HAT genes play a role in responses to salt stress, we first assessed by quantitative RT-PCR the transcriptional response of all 12 HAT genes under salt stress in wild-type Arabidopsis. The expression of AtHAC4, AtHAG2, AtHAM2 and AtHAF2 was downregulated after the application of 200 mM NaCl, whereas AtHAC1, AtHAC2, AtHAG1 (GCN5) and AtHAG3 were upregulated compared with the controls (Figure 1a) . Interestingly, GCN5 transcript increased most significantly in response to NaCl treatment. Consistent with the upregulated expression level, the protein level of GCN5 was increased after NaCl treatment when analyzed by Western blots with a polyclonal antibody against GCN5 (Figure 1b ). Thus, we tested the gcn5 homozygous mutant and its corresponding wild type (Wassilewskija, Ws) with salt stress assays to assess their salt tolerance properties. As shown in Figure 1 (c), 200 mM NaCl had a much stronger inhibitory effect on gcn5 seedlings than on the wild type. The maximum root lengths in gcn5 mutants were less than 40% of those of the controls. Nevertheless, the wild type exhibited a less severe phenotype and continued to undergo root elongation, attaining 75% of the control length (Figure 1c , e). For assessment of the effects of NaCl on the plants in soil, seedlings were first grown for 7 days on MS medium without NaCl and were then transferred to soil. After 5 days' acclimation, the wild-type and mutant plants were watered with or without 200 mM NaCl. Plants shown in Figure 1(c) had been treated for 9 days. Compared with the wild type, a severe reduction of leaf area was observed in the gcn5 mutant (Figure 1d ). We also scored the fresh weight of seedlings as a growth indicator and compared the changes between gcn5 mutants and wild-type plants before and after salt stress treatment. Growth inhibition of the mutant was consistently more severe than that of the wild type. The fresh weights of gcn5 mutants were less than 50% of those of the controls, and wild-type seedlings weighed over 85% more than the controls ( Figure 1f ). As Na + homeostasis is critical for salt tolerance, the hypersensitivity of the gcn5 mutant to salt stress suggested that the GCN5 mutation might affect the regulation of Na + homeostasis. So we compared the Na + content of gcn5 mutants with that of wild-type plants. As shown in Figure 1 (g) and (h), the roots and shoots of gcn5 mutants had a slightly higher Na + content than wild-type plants, even without salt treatment. The increase in salt content of the roots and shoots of gcn5 mutants compared with wild-type plants was greater after 2 days of NaCl treatment (Figure 1g ,h). Taken together, these data indicate that GCN5 plays an important positive regulatory role in salt stress tolerance.
Comparative transcriptional profiling of the wild type and gcn5 mutants under salt stress
To explore the molecular basis of the difference in salt tolerance between the wild type and gcn5 mutants, we performed high-throughput sequencing to analyze the expression profiles of different treatments, designated Ws-CK (wild type grown in normal conditions), Ws-NaCl (wild type treated with 200 mM NaCl), gcn5-CK (gcn5 mutant grown in normal conditions) and gcn5-NaCl (gcn5 mutant treated with 200 mM NaCl). The transcript abundance of GCN5 peaked at 2 days of 200 mM NaCl treatment, showing over threefold upregulation compared with the controls. Then seedlings with 2 days of 200 mM NaCl treatment were used for RNA sequencing (RNA-seq). All sequencing reads were aligned to the Arabidopsis reference genome and only uniquely mapped reads were retained for further analysis according to the procedure reported previously (Xing et al., 2015) . The correlation coefficients between two biological replicates for each sample showed good reproducibility, exhibiting high reliability of sequencing data ( Figure S1 , Table S1 in the online Supporting Information). In addition, the accuracy of the expression profile data was also verified by quantitative (q) RT-PCR. Of the 24 randomly selected genes, the expression patterns of 21 genes were consistent with RNA-seq data ( Figure S2 ). Under salt stress treatment, 1695 genes were significantly induced in the wild type compared with the gcn5 mutant, designated Ws-NaCl > gcn5-NaCl. Moreover, 1330 genes were upregulated under NaCl treatment in the wildtype genotype, designated Ws-NaCl > Ws-CK (Table S2) . As GCN5 is a positive coactivator of gene transcription (Jin et al., 2011) and responds to NaCl treatment, the response of GCN5-regulated genes to salt stress should be included in the overlapping 471 genes of Ws-NaCl > gcn5-NaCl and Ws-NaCl > Ws-CK (Figure 2a , Table S3 ). Therefore, these 471 genes were considered as GCN5-regulated genes in response to salt stress.
Gene Ontology (GO) analysis of these 471 genes indicated categories of significant enrichment (Figure 2b ). The first category was metabolic processes (39%; including carbohydrate, cellular amino acid and derivative metabolic processes, lipid, flavonoid, and macromolecule metabolic processes), followed by the response to stimulus category (22.1%; including responses to abscisic acid stimulus, jasmonic acid stimulus, salicylic acid stimulus, responses to salt stress and water deprivation) and biosynthetic process (17.6%; including cellular biosynthetic process and macromolecule biosynthetic process, polysaccharide biosynthetic process, abscisic acid biosynthetic process and flavonol biosynthetic process). Interestingly, among the biosynthetic processes, a significant fraction (6.4%) represented genes implicated in cell wall biosynthesis, including cellulose synthase activity, polysaccharide biosynthetic process, pectin catabolic process, lignin biosynthetic process, planttype cell wall modification and chitinase activity.
GCN5 affects primary wall cellulose synthesis and deposition
The significant fraction of cell wall biosynthesis genes that are affected by GCN5 mutation under salt stress suggests that GCN5 has a regulatory role in synthesis of primary wall cellulose in this condition. To confirm this, we first compared the cellulose content of gcn5 mutants with that of wild-type plants. As expected, the gcn5 mutants had a decreased cellulose content compared with wild-type plants, even without salt treatment. The decrease in cellulose content of gcn5 mutants compared with wild-type plants was even greater after 3 days of NaCl treatment (Figure 3a,b) . We further tested the sensitivity of the gcn5 mutant to low levels of the cellulose inhibitor herbicide isoxaben, which inhibits cellulose production during primary cell wall formation and is a frequently used tool in plant research into maintenance of cell wall integrity (Scheible et al., 2001; Hamann et al., 2009; Tsang et al., 2011) . On normal growth medium the gcn5 seedlings exhibited a shorter root length than wild-type plants; however, after 3 days of isoxaben treatment the root growth inhibition of Figure 1 . The Arabidopsis gcn5 mutant displays defective phenotypes upon NaCl treatment. (a) Quantitative RT-PCR analysis of the expression of HAT family genes in response to salt stress in Arabidopsis. Ten-day-old wild-type plants were subjected to 0 mM or 2 days of 200 mM NaCl treatment. The expression of b-Actin was used to normalize mRNA levels. Error bars represent the standard deviations of three technical replicates, and the results were consistent in three biological replicates. (b) Immunoblot analysis of GCN5 protein expression in 10-day-old wild-type Arabidopsis before and after NaCl treatment with polyclonal anti-GCN5 antiserum. These experiments were repeated three times independently with similar results. Equal protein loading was confirmed with antiserum against a-tubulin (TUB). (c) Ten-day-old wild-type and gcn5 mutant plants germinated on MS (1% sucrose) agar plates were transferred to fresh MS medium with 0 (control) or 200 mM NaCl (salt stress), grown for 5 days and then photographed. Scale bar = 1 cm. (d) Seedlings of the wild type and gcn5 mutants were first grown for 1 week on MS medium without NaCl and were then transferred to soil and grown for an additional 5 days. The plants were then irrigated under well-watered conditions (control) or irrigated every 3 days with 200 mM NaCl solution (salt stress); 9 days later, phenotypes were measured and photographed. (e) A quantitative assessment of the root growth shown in (c). The y-axis denotes a percentage of NaCl-treated seedlings relative to the same genotype grown on control MS plates. Mean and SD values were derived from measurements of at least 15 seedlings from three independent assays. Asterisks indicate significant differences (**P < 0.01 by Student's t-test). (f) Quantification of aboveground fresh weight shown in (d). The y-axis denotes the percentage of NaCl-irrigated seedlings relative to the same genotype grown under control conditions. Experiments were performed at least twice. Asterisks indicate significant differences (**P < 0.01 by Student's t-test). (g), (h) Na + content in the roots (g) and the shoots (h) of wild-type and gcn5 mutant plants 3 days after treatment with 200 mM NaCl. DW, dry weight. Data represent the averages AE SD (n = 9).
gcn5 mutants was greater than that of wild-type plants (Figures 3c, d and S3) . Furthermore, on the MS plates containing 1.5 nM isoxaben, which caused only minor swelling of cells in wild-type roots, the gcn5 mutant displayed an increase in lignin deposition, blurry cell shapes and swelling of epidermal cells (Figure 3e ). The ectopic lignification was similar to that of isoxaben-treated seedlings of prc1-1 and ctl1 mutants (the PRC1-1 and CTL1 genes encode a cellulose synthase CESA6 and a chitinase-like protein CTL1, respectively). Both these genes play a key role in synthesis of primary wall cellulose (Fagard et al., 2000; Zhong et al., 2002; S anchez-Rodr ıguez et al., 2012) . In addition, under salt stress treatment (with 200 mM NaCl for 2 days), the roots of wild-type seedlings exhibited highly organized cell files and defined cell shapes, whereas the tissue organization and epidermal cell files in gcn5 mutant roots became severely disrupted; ectopic lignification was also observed in the gcn5 mutant under salt stress conditions ( Figure 3e ). Taken together, the increased sensitivity to isoxaben, lower cellulose content and severe cell wall anomaly in gcn5 mutants under salt stress support a function for GCN5 in synthesis of primary wall cellulose and maintenance of cell wall integrity under salt stress.
GCN5 directly targets cellulose synthesis genes in response to salt stress
To identify the direct target genes of GCN5 in salt stress tolerance we singled out the candidate genes related to cellulose biosynthesis in response to salt stress. Those GO terms with P < 0.01 and involved in cell wall organization/ biogenesis and cellulose synthase activity (GO:0071554 and GO:0016759) were selected. Nine genes from these two GO terms were obtained based on their biological properties in cell wall biogenesis and described effects on salt stress (Hermans et al., 2010; Van der Does et al., 2017) and their expression pattern observed by RNA-seq (Table 1) . The Ws and gcn5 genotypes grown on normal MS plates for 10 days were transferred to MS plates containing 0 or 200 mM NaCl for 2 days and were then collected for chromatin immunoprecipitation (ChIP) and gene expression assays (Figure 4 ). The precipitated chromatin DNA was analyzed by qPCR to examine enrichment levels relative to those of non-precipitated (input) genomic DNA. Primer sets and the positions of these genes are shown in Figure S4a . The ChIP-PCR results indicated that GCN5 was bound to the promoter region of three genes in the wild type that grew on normal MS plates, including CTL1 (At1g05850), PGX3 (At1g48100) and MYB54 (At1g73410). Notably, GCN5 enrichment in promoter regions of CTL1, PGX3 and MYB54 genes was increased in wild-type plants under NaCl treatment (Figure 4a ). However, we found the GCN5 enrichment levels of these three genes were significantly decreased in the gcn5 mutant before and after salt treatment ( Figure 4a ). We detected only non-specific background levels in Ws and gcn5 mutants before and after salt treatment at the CSLA10 (At1g24070), CSLB03 (At2g32530), CSLG3 (At4g23990), GT18 (At5g62220), CCR2 (At1g80820) and ATEXP5 (At3g29030) genes which play important roles in cellulose and lignin synthesis, although their expression levels were altered in the gcn5 mutant, indicating that these genes are indirect targets of GCN5 (Figure 4a ). In addition, previous research has shown that the expression of the transposable element gene (At4g03770) is not regulated by GCN5 (Benhamed et al., 2006) . Consistent with this, we did not find distinct binding of GCN5 to this gene in Ws and gcn5 mutants under the normal or salt treatment conditions ( Figure S4b ). These data demonstrate that GCN5 is recruited specifically to CTL1, PGX3 and MYB54 genes, suggesting that these genes are direct targets for regulation by GCN5. Figure 3 . GCN5 mutation is responsible for defects in cellulose synthesis and deposition in Arabidopsis. (a) Total cellulose content of seedlings for wild-type and gcn5 mutant plants grown on normal MS plates 10 days and then transferred to MS plates containing 0 or 200 mM NaCl for 3 days. Mean and SD values were derived through measurements of at least 20 seedlings from three independent assays. (b) The y-axis denotes the percentage total cellulose content of gcn5 seedlings relative to the wild type grown on control MS plates or under NaCl-treated conditions. Asterisks indicate significant differences between control and salt stress conditions (**P < 0.001). (c) The root length of seedlings for wild-type and gcn5 mutant plants grown on normal MS plates for 10 days and then transferred to MS plates containing 0 or 100 nM isoxaben for 3 days. Data are means AE SD of at least 15 plants from three independent experiments. (d) The y-axis denotes the percentage of gcn5 seedlings relative to the wild type grown on control MS plates or isoxaben-treated plates. Asterisks indicate significant differences between control and isoxaben-treated conditions (**P < 0.001). (e) Isoxaben or NaCl treatment induces lignification in the gcn5 mutant. Images are of phloroglucinol-stained roots from 10-day-old wild-type and gcn5 seedlings transferred to normal media (control) or media containing isoxaben (1.5 nM) or 200 mM NaCl (salt stress) for 3 days. The ectopic lignification is indicated by a black arrowhead. Scale bar = 100 lm. Previous studies demonstrated that GCN5 is responsible for histone acetylation of H3K14 and H3K9 at target promoters (Hu et al., 2015; Xing et al., 2015) . In order to further verify the regulatory relationship between GCN5 and these three potential target genes, ChIP-PCR assays with antibodies against H3K9ac and H3K14ac were performed. The results indicated H3K9ac and/or H3K14ac levels were increased in promoter regions of CTL1, PGX3 and MYB54 genes in the NaCl-treated wild type compared with normal conditions. Nevertheless, the H3K9ac and H3K14ac levels of these three genes were significantly decreased in the gcn5 mutant before and after salt treatment (Figure 4b ). No significant enrichment in H3K9 or H3K14 acetylation was detected in the transposable element gene (At4g03770) between the wild type and gcn5 mutant under normal and salt treatment conditions ( Figure S4c,d) . Furthermore, the transcript levels of CTL1, PGX3 and MYB54 genes were significantly lower in gcn5 than in the wild type in both normal and salt stress conditions (Figure 4c ).
Based on these findings, we propose that GCN5 directly binds to the promoters of these three genes, modulates their H3K9ac and H3K14ac levels and in turn facilitates their expression in response to salt stress.
The activity of the CTL1 gene promoter is repressed in the gcn5 mutant In Arabidopsis, CTL1 encodes an endochitinase-like protein that is important for biosynthesis of cell wall cellulose and is also essential for tolerance to salt stress (Kwon et al., 2007; S anchez-Rodr ıguez et al., 2012) . To further confirm that expression of the CTL1 gene is regulated by GCN5, we generated transgenic Arabidopsis plants expressing the b-glucuronidase (GUS) gene (uidA) under the control of the CTL1 promoter. A 2-kb genomic DNA fragment which included the sequence upstream of the CTL1 transcription initiation site was amplified to generate the reporter construct using uidA fused to the CTL1 (pCTL1:uidA) promoter sequence ( Figure S5a ) and transformed into the wild type. Figure 4 . Identification of the direct targets of GCN5 and measurement of H3K9 and H3K14 acetylation levels on GCN5 target genes. Ten-day-old Ws and gcn5 mutant seedlings on normal MS plates were separately transferred onto MS plates with 0 or 200 mM NaCl treatment for 2 days. Nuclei were extracted from the cross-linked seedlings, sonicated and immunoprecipitated with antibodies specific to GCN5, acetylation of histone 3 lysine 9 (H3K9ac) or H3K14ac. Primers were designed at the promoter or upstream region of the transcription start site. Signals are given as percentages of the input chromatin value. Error bars represent standard deviation values drawn from at least three repetitions. (a) Chromatin immunoprecipitation assays (anti-GCN5) identified the direct target of GCN5. (b) Chromatin immunoprecipitation assays (antiH3K9ac or anti-H3K14ac) were used to examine the H3K9ac or H3K14ac levels of the three GCN5 target genes. (c) Quantitative RT-PCR shows the distinct expression of GCN5 target genes. Asterisks indicate significant differences between the wild type and gcn5 mutants (**P < 0.01 by Student's t-test).
Two independent transgenic plants (pCTL1:uidA/Ws-1 and pCTL1:uidA/Ws-2) with distinctly elevated uidA transcripts were chosen to be crossed with gcn5 mutants. Finally, we obtained two homozygous pCTL1:uidA lines in the gcn5 mutant background, designated pCTL1:uidA/gcn5-1 and pCTL1:uidA/gcn5-2 (Figure S5b,c) . The GUS activity of transgenic Arabidopsis plants was examined by histochemical staining. One-week-old pCTL1:uidA/Ws plants grown under normal conditions exhibited strong GUS expression in the cotyledons and hypocotyls. High levels of GUS activity were also found in leaves and roots of 3-week-old pCTL1:uidA/Ws seedlings (Figure 5a,b) , consistent with previous studies (S anchez-Rodr ıguez et al., 2012). In contrast, GUS activity was hardly detected in pCTL1:uidA/gcn5 seedlings (Figure 5a,b) . To assess the expression of CTL1 under salt stress conditions, transgenic Arabidopsis seedlings were subjected to 200 mM NaCl treatment for 3 days, after which the seedlings were stained. The seedlings of pCTL1:uidA/ Ws lines exhibited staining throughout (Figure 5c ), whereas staining was barely detected in pCTL1:uidA/gcn5 lines (Figure 5c,d) . The results confirmed that CTL1 expression is regulated by GCN5.
Overexpression of CTL1 can partially rescue the salt-sensitive phenotype of gcn5
To understand the function of CTL1 in GCN5 regulation of salt stress, we obtained CTL1 overexpression lines in the gcn5 mutant background. Due to the low fertility of the pollen of the gcn5 mutant, the 35S:CTL1 construct was first transformed into the wild-type (Ws) background and two independent transgenic lines with distinctly elevated CTL1 transcripts were used for backcrossing with gcn5. Finally, two homozygous CTL1 overexpression lines in the gcn5 background were obtained, which exhibited higher expression levels of CTL1 than the gcn5 mutant, designated 35S: CTL1/gcn5-1 and 35S:CTL1/gcn5-2 ( Figure S6) .
We then performed salt stress assays to assess the salt tolerance properties of 35S:CTL1/gcn5 lines, gcn5 and wild-type plants. To carry out the salt tolerance test, different 10-day-old seedlings were transferred onto agar plates containing 200 mM NaCl and maintained for a period of 5 days. All of the 35S:CTL1/gcn5 lines exhibited a salt stress tolerant phenotype compared with gcn5 mutant plants (Figure 6a ). We further scored root growth and seedlings fresh weight as a growth indicator and compared the changes between 35S:CTL1/gcn5, gcn5 mutants and wild-type plants before and after salt stress treatment. NaCl had a lower inhibitory effect on 35S:CTL1/gcn5 seedlings than it had on the gcn5 mutant. The root length of gcn5 mutants was less than 40% of the control weight, while the root length of 35S:CTL1/gcn5 seedlings was about 60% of the control length. (Figure 6b ). The fresh weight of gcn5 mutants was less than 50% of the control weight, while the fresh weight of 35S:CTL1/gcn5 seedlings was more than 70% of the control weight, close to that of the wild type (Figure 6c ). There were no obvious differences in phenotype and Na + content between the 35S:
CTL1/Ws and wild-type plants before and after NaCl treatment ( Figure S7 ), suggesting that normal CTL1 expression supports plant growth. We also compared the Na + content of 35S:CTL1/gcn5 seedlings with that of gcn5 mutants and wild-type plants. The 35S:CTL1/gcn5 plants had a lower overall Na + content than the gcn5 mutants in both roots and shoots before and after NaCl treatment, although it remained higher than in the wild type ( Figure S8 ). In addition, we found that 35S:CTL1/gcn5 lines displayed decreased lignin deposition, minor swollen cells and less growth inhibition than gcn5 mutants when grown on MS plates containing 1.5 nM isoxaben (Figures 6d and S3 ). The roots of 35S:CTL1/gcn5 seedlings exhibited better organized cell files and defined cell shapes than gcn5 mutant roots under salt stress treatment (Figure 6d ). Furthermore, the 35S:CTL1/gcn5 plants showed an increase in cellulose content compared with gcn5 mutants before and after salt treatment ( Figure 6e ). The above data show that CTL1 expression in gcn5 partially restored the anomalous salt stress sensitivity and cellulose synthesis phenotype of the gcn5 mutant. These results also support the conclusion that CTL1 acts downstream of GCN5 and plays an essential role in salt tolerance and maintenance of cell wall integrity.
Constitutive wheat TaGCN5 expression can restore salt tolerance in Arabidopsis gcn5 mutants
In a previous study, we cloned the wheat gene TaGCN5, an ortholog of Arabidopsis GCN5 and found that TaGCN5 functions in similar ways to Arabidopsis GCN5 in response to heat stress (Hu et al., 2015) . In order to understand the role of TaGCN5 in wheat, we first investigated the expression pattern of TaGCN5 in response to salt stress in wheat. Seedlings of wheat genotype Fielder plants were treated with 200 mM NaCl over a period of time. Quantitative RT-PCR data indicated that expression of the TaGCN5 gene was upregulated under salt treatment (Figure 7a ). In addition, we isolated gene homologs of Arabidopsis CTL1, PGX3 and MYB54 from wheat, and named them TaCTL1, TaPGX3 and TaMYB54, respectively. We found that these genes were also upregulated in wheat seedling in response to salt stress ( Figure S9a ). To further understand the role of wheat TaGCN5 in salt stress tolerance, we obtained 35S: TaGCN5/gcn5 transgenic lines using the TaGCN5 gene derived from the CaMV 35S promoter. Ectopic expression of TaGCN5 almost fully restored the salt-sensitive phenotype of the gcn5 mutant relative to wild-type plants (Figures 7 and S10a, b) . The root length and aboveground fresh weight were severely inhibited in gcn5 mutants under NaCl treatment, whereas 35S:TaGCN5/gcn5 seedlings were slightly affected with values close to the wildtype ones (Figure 7b-d) . We also compared the Na content of 35S:TaGCN5/gcn5 seedlings with that of gcn5 mutants and wild-type plants. The 35S:TaGCN5/gcn5 plants had a lower overall Na + content than the gcn5 mutants in both roots and shoots before and after NaCl treatment, similar to the wild-type value ( Figure S10c,d ). In addition, the root cells of 35S:TaGCN5/gcn5 seedlings exhibited better-organized cell files, defined cell shapes and lower lignin deposition than in gcn5 mutant roots under isoxaben and NaCl treatments (Figure 7e ). Furthermore, similar to wild-type plants, the 35S:TaGCN5/gcn5 seedlings had an increased cellulose content compared with gcn5 mutants before and after salt treatment (Figure 7f) . We also examined the transcript levels of the Arabidopsis CTL1, PGX3 and MYB54 genes in 35S:TaGCN5/ gcn5 plants before and after salt treatment. The transcript levels of these target genes were constitutively increased in 35S:TaGCN5/gcn5 plants relative to wild-type and gcn5 plants ( Figure S9b) . Our results further demonstrate that TaGCN5 functions similarly to GCN5 in Arabidopsis in response to salt stress, suggesting that GCN5-mediated maintenance of cell wall integrity and salt stress tolerance may be conserved in Arabidopsis and wheat.
DISCUSSION
Exploring the mechanisms by which plants modify their growth and development in hostile environments will be crucial for developing a strategy to maintain and improve crop productivity. In the past few decades many key factors and genetic loci that have critical roles in plant salt tolerance have been identified and cloned. An increasing number of studies have demonstrated that the plant cell wall plays an important role in sensing and responding to salt (c) Promoter activity was visualized through histochemical GUS staining in seedlings of pCTL1:uidA/Ws and pCTL1:uidA/gcn5 plants transferred to normal medium (control) or to medium containing 200 mM NaCl (salt stress) for 3 days. Scale bars: 1 mm.
(d) The GUS expression levels in seedlings of pCTL1:uidA/Ws and pCTL1:uidA/gcn5 in response to 200 mM NaCl treatment for 3 days. Data are means AE SD from three biological replicates. A significant difference at P < 0.01 between pCTL1:uidA/Ws and pCTL1:uidA/gcn5 plants is denoted by asterisks (**).
stress (Kacperska, 2004; Hou et al., 2005; Parrotta et al., 2015) . However, our understanding of the mechanisms regulating salt stress-induced changes in wall composition and structure is still limited. In this study we describe the role of the HAT GCN5 in cell wall cellulose synthesis and lignin deposition involved in salt stress tolerance. GCN5 is a versatile regulator of developmental and inducible gene expression in Arabidopsis and is required for Figure 6 . Overexpression of CTL1 in gcn5 mutant plants partially restores salt tolerance and cell wall integrity in gcn5 mutants. (a) Ten-day-old wild-type, gcn5 and 35S:CTL1/gcn5 plants germinated on MS (1% sucrose) agar plates were transferred to fresh MS medium with 0 (control) or 200 mM NaCl (salt stress), grown for 5 days and then photographed. Scale bar = 1 cm. (b) Quantitative assessment of the root growth shown in (a). The y-axis denotes the percentage of NaCl-treated seedlings with particular root lengths relative to the same genotype grown on control MS plates. Asterisks indicate significant differences with Student's t-test compared with the wild type and 35S:CTL1/gcn5 plants (**P < 0.01). (c) Quantification of fresh weight shown in (a). The y-axis denotes the percentage of NaCl-treated seedlings with particular fresh weights relative to the same genotype grown under control conditions. Mean and SD values were derived from measurements of at least 15 seedlings from three independent assays. Asterisks indicate significant differences with Student's t-test compared with the wild type and 35S:CTL1/gcn5 plants (**P < 0.01). (d) Isoxaben or NaCl treatment for wild-type, gcn5 and 35S:CTL1/gcn5 plants. Images are of phloroglucinol-stained roots from 10-day-old seedlings that were transferred to normal medium or on medium containing 1.5 nM isoxaben or 200 mM NaCl for 3 days. The ectopic lignification is indicated by a black arrowhead. Scale bar = 100 lm. (e) Total cellulose content of seedlings for wild type, gcn5 and 35S:CTL1/gcn5 plants grown on normal MS plates for 10 days and then transferred to MS plates containing 0 or 200 mM NaCl for 3 days. Mean and SD values were derived through measurements of at least 20 seedlings from three independent assays. Asterisks indicate significant differences compared with the wild type and 35S:CTL1/gcn5 plants (**P < 0.01).
the regulation of divergent sets of stress response genes (Servet et al., 2010; Hu et al., 2015; Xing et al., 2015) . To illustrate the mechanisms underlying the involvement of GCN5 in salt stress responses, we identified 1330 genes that were upregulated after salt stress, of which 471 are affected by GCN5. A GO analysis showed a significant degree of enrichment of genes involved in abiotic stimuli and metabolic processes, including responses to ABA, responses to salt stress and water deprivation, jasmonic acid and salicylic acid stimulus, carbohydrate, lipid, flavonoid and macromolecule metabolic processes. These results suggest that GCN5 is a key transcriptional regulator that controls expression of a series of genes correlated with biological activities involved in the salt stress response. We also analyzed the expression pattern of the key genes involved in pathways regulating ion homeostasis in the wild type and gcn5 mutant under salt stress, including Na + distribution, the SOS pathway and the vacuolar Na + compartmentalization pathway (Qiu et al., 2002; Apse et al., 2003; Quan et al., 2007; Møller et al., 2009; Ariyarathna et al., 2016) . However, there was no distinct change in expression of the key genes involved in these pathways between the wild type and the gcn5 mutant under salt stress (Table S2 ), suggesting that GCN5 is not the key regulatory factor in Na + efflux and the partitioning pathway. In addition, we found that the expression of several genes that are responsive to ABA-and gibberellinmediated signaling pathways, including SNF1-related protein kinase 2.7 (SNRK2.7) and MYB102 (Denekamp and Smeekens, 2003; Fujii et al., 2011) , were significantly repressed by GCN5 mutation under salt stress (Table S3 , Figure S2 ), implying that these genes are involved in pathways that also participate in the GCN5-mediated salt stress response, an area that deserves further study. Our results show that the defect in cell wall cellulose synthesis and deposition in the gcn5 mutant was similar to that caused by the cellulose biosynthesis inhibitor isoxaben. Interestingly, we identified three cellulose synthesisrelated targets of GCN5 using ChIP assays: CTL1, PGX3 and MYB54. It is likely that these genes are downstream components of GCN5-dependent salt tolerance and maintenance of cell wall integrity. CTL1 is well characterized as a CTL protein, contributing to salt tolerance and establishing interactions between cellulose microfibrils and hemicelluloses (S anchez-Rodr ıguez et al., 2012). PGX3 is a pectin-related protein, and PGX3-mediated pectin degradation affects stomatal development in cotyledons, promotes rosette expansion and modulates guard cell mechanics in adult plants (Rui et al., 2017) . MYB54 encodes a putative transcription factor that is a member of the R2R3-MYB family, and is involved in cell wall organization and regulation of secondary cell wall biogenesis (Zhong et al., 2008; Zhong and Ye, 2012) . The other genes are less well characterized and were predicted to have polysaccharide metabolic activity; their roles in salt stress require further investigation.
Changes in cell wall structure and composition appear to be a common feature of the response to salt stress. For example, a comparison of root tip cell wall composition between two soybean cultivars showed higher levels of pectins in the salt-tolerant cultivar than in the sensitive line, implying that the higher pectin content is beneficial for root growth under salt stress conditions . The leaves of Coffea arabica under salt stress showed alterations in cell wall polysaccharides and monosaccharide composition of the pectin and hemicelluloses (de Lima et al., 2014) . Salt stress has been shown to affect secondary cell wall formation and structure, as revealed by altered lignin biosynthesis. The number of lignified cells in vascular bundles was distinctly greater in plants under salt stress, with maximum expansion of the lignified area found in the root vasculature (S anchezAguayo et al., 2004). The expression levels of several key genes involved in the lignin biosynthesis pathway were altered upon salt treatment (Shafi et al., 2015) . The increased expression of these proteins might help reduce the bypass water flow that allows Na + ions to enter roots via an apoplastic pathway. Besides changes in cell wall structure and composition, the expression of a series of cell wall protein-encoding genes also involved in responses to salt stress was altered. Recent studies have indicated that cell wall-related proteins also play an important role in modulating cell wall structure and extensibility under salt stress (Zhu et al., 2010) . The expression levels Mean and SD values were derived through measurements of at least 20 seedlings from three independent assays. Asterisks indicate significant differences compared with the wild type and 35S:TaGCN5/gcn5 plants (**P < 0.01).
of xyloglucan endotransglucosylase/hydrolase and expansin genes were increased under salt stress. The expression level of RhEXPA4 in rose was upregulated by salt stress, while transgenic Arabidopsis plants overexpressing RhEXPA4 displayed a salt-tolerant phenotype (L€ u et al., 2013) . Similar results were observed in transgenic tobacco plants, with the overexpression of the wheat expansin gene TaEXPB23 (Han et al., 2012) . Mutation of the Arabidopsis chitinase-like gene CTL1 led to pronounced defects in salt stress tolerance and the accumulation of high levels of Na + in cells under either normal or NaCl stress conditions (Kwon et al., 2007) . Further study indicated that CTL1 affects cellulose biosynthesis and plays a central role in connecting cellulose microfibrils and hemicelluloses (S anchez-Rodr ıguez et al., 2012) . In this study, we demonstrate that CTL1 is a downstream target of GCN5 and that it plays a critical role in salt tolerance. First, GCN5 mutation considerably suppresses the expression of CTL1, which is required to establish normal cell wall cellulose synthesis and lignin deposition. Second, ChIP assay analysis indicates that GCN5 specifically binds to the CTL1 promoter region, suggesting that CTL1 is a direct target gene that is regulated by GCN5. Furthermore, GCN5 mutation results in reduced acetylation of H3K9 and H3K14 on CTL1, which provides further epigenetic regulatory evidence that it contributes to cell wall integrity and salt stress. Finally, overexpression of the CTL1 gene can also partially restore salt tolerance and normal cell wall cellulose synthesis in Arabidopsis gcn5 mutant plants, supporting the notion that GCN5-activated CTL1 expression is essential for salt tolerance and cell wall integrity. Histone acetylation plays a vital role in rapid regulation of gene expression in the adaptive response of plants to environmental stimuli. In Arabidopsis, HD2C functionally associates with HDA6 to regulate the expression of ABAresponsive genes and is involved in the salt stress response (Luo et al., 2012) . GmPHD5 acts as a regulator of interaction between histone H3K4 dimethylation and H3K14 acetylation in response to salinity stress in soybean (Wu et al., 2011) . The HDAC HDA9 negatively regulates plant sensitivity to salt and drought stresses by affecting the histone acetylation levels of a large number of stressresponsive genes in Arabidopsis (Zheng et al., 2016) . In maize, it has been reported that expression of the cell wallrelated genes ZmEXPB2 and ZmXET1 was increased after NaCl treatment; salt stress also caused the upregulation of the HAT genes ZmHATB and ZmGCN5, accompanied by an increase in the global acetylation levels of histones H3K9 and H4K5. Upregulation of the ZmEXPB2 and ZmXET1 genes was associated with elevated H3K9 acetylation levels on the promoter and coding regions . In this work, we found that NaCl treatment induces rapid upregulation of GCN5 in both Arabidopsis and wheat. Ectopic expression of TaGCN5 almost fully restored the saltsensitive phenotype of Arabidopsis gcn5 mutants. Taken together, our studies suggest that GCN5-mediated salt tolerance may be conserved in different species. However, it should to be noted that the ectopic expression of TaGCN5 in Arabidopsis may not fully illustrate the function of GCN5 in wheat development. Therefore, the causality between TaGCN5 and salt stress in wheat requires further elucidation.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Wild-type Arabidopsis (Arabidopsis thaliana) Ws, the Arabidopsis mutant gcn5 (Ws background) and transgenic Arabidopsis plants were used in this study. Mutants were obtained in the homozygous state from the Arabidopsis Biological Resource Center or individual donors (Professor Dao-Xiu Zhou, Universite Paris Sud). The mutants were verified by genomic PCR. Sterilized seeds were incubated at 4°C for 3 days then sown on MS plates containing 1% (w/v) sucrose and 0.8% (w/v) agar. Seedlings were grown in growth chambers under 16-h/8-h light/dark conditions at 22°C.
The wheat cultivar Fielder (Triticum aestivum L.) was used in this study for gene expression analysis. The wheat seeds were surface sterilized and incubated on moist filter paper at 22°C for germination in a growth chamber. After 2 days, the uniform sized seedlings were transplanted into pots and cultured in a greenhouse under the following conditions: 16-h-day/8-h-night cycle, 22°C AE 1°C, 50%-70% relative humidity and 300 lmol photons m À2 sec
À1
.
Salt stress assays
For comparisons of salt tolerance, 10-day-old wild-type, mutant and transgenic Arabidopsis plants germinated on MS (1% sucrose) agar plates were transferred to fresh MS medium (1% sucrose) with 0 or 200 mM NaCl; after 5 days the root lengths, the shoot fresh masses of the seedlings and survival rates were measured. For assessment of the effects of NaCl on the plants in soil, seedlings were first grown for 1 week on MS medium without NaCl and were then transferred to soil and grown for an additional 5 days. Twelve-day-old plants were then irrigated every 3 days with 200 mM NaCl solution. Nine days later, phenotypes and the physiological indices were measured and the plants then photographed.
RNA-seq analysis
For RNA-seq assays, 10-day-old wild type (Ws) and gcn5 seedlings germinated on MS (1% sucrose) agar plates were transferred to fresh MS medium (1% sucrose) with 0 or 200 mM NaCl; after 2 days the whole plants were collected for RNA extraction. Purification of mRNA and library preparation were performed following the manufacturer's protocol (Qiagen https://qiagen.com., Illumina https://www.illumina.com.). All the libraries were sequenced on an https://qiagen.com. Illumina Hiseq 2500 platform according to the manufacturer's standard protocol. Finally, approximately 18 gigabyte of high-quality 125-bp paired-end reads was generated from eight libraries (Table S1 ). All sequenced data used in this study are now stored at the National Center for Biotechnology Information Short Read Archive under accession number PRJNA478344. High-quality reads from each library were aligned and mapped to the Arabidopsis reference genome (TAIR10 version) using the splice-junction-aware short-read alignment suite TOPHAT v.2.09 with default settings (Kim and Salzberg, 2011) . Data were obtained and analyzed as previously described (Xing et al., 2015) . The differentially expressed genes were characterized by the edgeR package (v.3.2.3) with an absolute value of log 2 -fold change ≥ 1.5 and a false discovery rate < 0.05 as cutoff (Robinson et al., 2010) . A list of differentially expressed genes identified by RNA-seq in this study is shown in Table S2 . The GO analysis was performed using agriGO v.2.0 with a cutoff of P < 0.05 (Tian et al., 2017) .
Quantitative real-time PCR
Quantitative RT-PCR was performed using a CFX96 real-time PCR detection system and SYBR Green Supermix solution (Bio-Rad, http://www.bio-rad.com/). The gene-specific primers used for qRT-PCR are listed in Table S4 . Each sample was quantified at least in triplicate and normalized using Actin as an internal control.
Plasmid construction and plant transformation
Amplified fragments of the full-length coding sequence of CTL1 were cloned into the binary expression vector pCAMBIA1300 (driven by the CaMV 35S promoter). The promoter region of CTL1 that contains a 2-kb fragment upstream of the CTL1 coding sequence was fused to the reporter gene encoding GUS and was then cloned into the binary expression vector pCAMBIA1300 to generate pCTL1:uidA. These vectors were transferred into Agrobacterium tumefaciens strain GV3101 and transgenic plants were identified as previously described (Xing et al., 2015) . The primers employed for plasmid construction are listed in Table S4 .
Chromatin immunoprecipitation analysis
The ChIP assays were performed using a protocol modified from previously published methods (Kim et al., 2009) . For each assay, fresh seedling materials (about 2 g) were subjected to vacuum infiltration in 1% (v/v) formaldehyde for 15 min to cross-link the target protein and the corresponding genomic DNA. Glycine was used to terminate the cross-linking reaction and sonication was applied to break the genomic DNA down into a size range from 200 to 1000 bp. The ChIP assays were accomplished following procedures reported previously (Hu et al., 2015) . The antibody to GCN5 was described by Benhamed et al. (2006) . The H3K14ac and H3K9ac antibodies were purchased from Upstate Biotechnology (http://www.fishersci.com/us/en/products/IU5R4C73/magellanantibodies-search.html). Immunoprecipitated DNA was analyzed by qPCR using the primer sets listed in Table S4 . Amplified DNA from the chromatin fractions prior to antibody incubation were used as the controls (input). Two independent experiments were performed for each assay with three biological replicates.
Cell wall extraction and cellulose quantification
For extraction of cell walls, 10-day-old wild-type, gcn5 mutant, 35S: CTL1/gcn5 and 35S:TaGCN5/gcn5 seedlings which were grown in normal MS plates were transferred to MS plates containing 0 or 200 mM NaCl; after 3 days the whole plants were collected and ground in liquid nitrogen. Then cell wall materials were extracted according to procedures reported previously (Zhong and Lauehli, 1993) . Cell wall materials were fractionated into three fractionspectin, hemicellulose and cellulose -and the three components were extracted as previously reported (Yang et al., 2008) .
Ion measurements
For the measurement of ion contents in seedling shoots and roots, 10-day-old seedlings were placed vertically on MS medium containing 200 mM NaCl; after 3 days seedling shoots and roots were collected separately. Harvested shoot and root samples were dried and weighed, dissolved in HNO 3 and analyzed by inductively coupled plasma optical emission spectrometry (FP6410, INESA www. inesa.com).
Histochemistry
Ten-day-old wild-type, gcn5 mutant, 35S:CTL1/gcn5 and 35S: TaGCN5/gcn5 seedlings were treated with 200 mM NaCl or 1.5 nM isoxaben for 3 days; the roots were then collected and placed in formalin-acetic acid-alcohol [5 ml formalin solution, 5 ml glacial acetic acid, 90 ml alcohol (95%)]. For phloroglucinol staining, samples were placed in a 1% phloroglucinol-HCl solution for 10 min, and mounted in 50% glycerol, 1 M HCl and observed immediately.
Histochemical GUS staining
Ten-day-old transgenic Arabidopsis seedlings were transferred to MS medium (1% sucrose) with 0 or 200 mM NaCl. After 3 days whole seedlings or different tissues expressing the GUS gene were immersed in staining buffer [100 mM NaPO 4 , 0.5 mM K 3 [Fe (CN) 6 ], 0.5 mM K 4 [Fe(CN) 6 ], 10 mM EDTA, 1 mg ml -1 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (X-gluc)] at 37°C in the dark overnight. Subsequently, samples were washed in 75% ethanol. The GUS activity was visualized as the presence of a blue precipitate in the plant tissue and photographed under a microscope.
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